Abstract. The toxicity of organophosphorus compounds (OPs) results primarily from the irreversible inhibition of acetylcholinesterase (AChE). Huperzine A (HupA) is a reversible inhibitor of AChE and HupA sustained-release microspheres (HSMs) steadily release HupA, resulting in the continual inhibition of AChE activity for 14 days in mice. The present study aimed to investigate the preventive effects of HSMs on the toxicity of methyl parathion (MP). The mice were pretreated with HSMs followed by MP exposure. Subsequently, the median lethal dose (LD 50 ) and survival of the mice were determined. A histopathological examination of the brain, liver, lungs, heart, kidneys and intercostal muscles was also performed. The results revealed that the LD 50 was 51.4 mg/kg in the control group and 70.0, 67.5, 63.4 and 53.5 mg/kg at 2 h, 5, 10 and 15 days after pretreatment with HSMs, respectively. Pretreatment with HSMs at 2 h, 5 days and 10 days prior to an acute challenge with 1.2 x LD 50 MP was sufficient to counteract the lethality and acute toxicity of MP. HSM pretreatment also attenuated the pulmonary edema induced by MP. The results demonstrated that pretreatment with HSMs may be an effective method to counteract MP poisoning. To the best of our knowledge, the present study was the first to demonstrate that pretreatment with an AChE reversible inhibitor sustained-release agent may be a novel approach to effective protection against OP toxicity.
Introduction
Organophosphorus compounds (OPs) are commonly used in agriculture as insecticides. Acute OP intoxication results primarily from the irreversible inhibition of acetylcholinesterase (AChE), which leads to acetylcholine accumulation and, consequently, overstimulation of cholinergic receptors in the peripheral and central nervous systems. Exposure to OPs is responsible for a significant number of deaths by poisoning annually (1) .
The therapeutic strategies to decrease OP toxicity include atropine, to reduce the muscarinic syndrome, and pralidoxime, to reactivate OP-inhibited AChE (2) . However, AChE inhibition by certain OPs may be refractory to reactivation by the clinically available oximes. Consequently, the fatality rate from OP poisoning remains high, despite treatment. Therefore, there is a need for a novel medical countermeasure for individuals who are prone to OP poisoning.
It was previously demonstrated that antibodies exhibited scavenger characteristics in the detoxication of OP poisoning (3) . However, the limitations of immunotherapy are well recognized, as it takes a long time to provoke a potent antibody response against OP intoxication. It was demonstrated that pretreatment with physostigmine may protect against the incapacitating and lethal effects of OP poisoning (4) . It was also demonstrated that OP toxicity and lethality are counteracted when galantamine is administered prior to acute exposure of guinea pigs to OPs (5). However, the ultimate usefulness of pyridostigmine and galantamine is questionable, as the time period during which they are effective against OPs intoxication is limited.
Huperzine A (HupA), an alkaloid isolated from the Chinese club moss Huperzia serrata, has been established as a slow, reversible inhibitor of AChE at the peripheral and central level (6) . HupA sustained-release microspheres (HSMs), a new formulation of HupA, were prepared by an oil/water solvent evaporation technique loading poly(D, L-lactic-co-glycolic) acid (PLGA) microspheres with HupA. Following intramuscular injection of HSMs in mice, HupA was steadily released from the PLGA microspheres and the AChE activity was continually inhibited for 14 days (7 .0, 65.6 and 72.9 mg/kg. The general behavior and signs of toxicity in mice were observed continuously for 1 h following MP administration and then intermittently for 4 h over a period of 24 h. The mice were further observed once a day up to 14 days for behavioral changes and signs of toxicity and/or death. The value of the median lethal dose (LD 50 ) was determined as previously described (8) .
Evaluation of HSM pretreatment on MP poisoning. The mice were randomly divided into 3 groups (n= 40 mice̸group): Control, MP and HSMs groups. The mice in the control group were further subdivided into 4 subgroups: 2-h, 5-day, 10-day and 15-day control subgroups. The mice in the MP group were further subdivided into 4 subgroups: 2-h, 5-day, 10-day and 15-day MP subgroups. The mice in the HSMs group were further divided into 4 subgroups: 2-h, 5-day, 10-day and 15-day HSMs subgroups. The mice in the control subgroups were treated intramuscularly with 2.5% (w/v) sodium carboxymethyl cellulose. Two hours, 5, 10 and 15 days later, they were intragastrically administered distilled water. The mice in the MP subgroups were treated intramuscularly with 2.5% (w/v) sodium carboxymethyl cellulose. Two hours, 5, 10 and 15 days later, they were intragastrically administered MP at a dose of 60.0 mg̸kg (1.2 x LD 50 ). The mice in the HSMs subgroups were treated intramuscularly with HSMs at a dose of 1.5 mg/kg. Two hours, 5, 10 and 15 days later, they were intragastrically administered MP at a dose of 60.0 mg̸kg. The general behavior and signs of toxicity in mice were observed continuously for 1 h after the MP Table Ⅰ . Groups for the evaluation of acute toxicity of methyl parathion. HSMs, huperzine A sustained-release microspheres. administration and then intermittently for 4 h over a period of 24 h. The mice were further observed once a day up to 14 days for behavioral changes and signs of toxicity and/or death. Acute reactions to treatment were scored according to a modified Racine scale (9) . Whenever animals developed life-threatening signs of intoxication, such as gasping and unremitting motor convulsions, they were euthanized according to the Institutional Animal Care and Use Committee-approved protocol.
Subgroups according to dose of methyl parathion (mg
Histopathological analysis. Following euthanasia, the brain, heart, liver, lungs, kidneys and intercostal muscles of the mice were harvested. Subsequently, paraformaldehyde (4%)-fixed, paraffin-embedded samples were cut into 4-µm sections, deparaffinized in xylene and rehydrated through a series of decreasing concentrations of ethanol. The sections were stained with hematoxylin and eosin and pathological observation of the tissues was performed under a light microscope.
Statistical analysis. In order to calculate the LD 50 , a linear regression analysis corrected for the number of animals at each dose level was used. The proportion of dead mice and the logarithmic transformed dose levels were used as the dependent and independent variables, respectively. The survival rates were compared using the Kaplan-Meier log-rank test. P<0.05 was considered to indicate a statistically significant difference.
Results

Effect of HSMs on the LD 50 of MP.
The LD 50 of MP in the mice of the control group was 51.4 mg/kg. Compared to the control group, animals in the 2-h, 5-day and 10-day HSMs groups were more resistant to the toxic effects of MP (LD 50 =70.0, 67.5 and 63.4 mg/kg, respectively). However, the LD 50 value of MP in the 15-day HSMs group (53.5 mg/kg) was the same as that of the control group (Table Ⅱ) .
Effect of HSMs on the acute toxicity of 1.2 x LD 50 MP.
Within 25 min after a single intragastric administration of MP at a dose of 60 mg/kg, ~40% of the mice developed a cholinergic crisis characterized by chewing, miosis, hypersecretion, diarrhea, bruxism, muscle fasciculations and tremors. According to the Institutional Animal Care and Use Committee-approved protocol, the animals were euthanized as soon as signs of intoxication became life threatening. Approximately 20-40% of the mice survived for 24 h after exposure to 1.2 x LD 50 MP.
Effects of HSMs on the manifestation of MP poisoning in mice.
Following MP exposure, all the mice in the 2-h HSMs group survived, with no apparent toxic signs. The mice in the 5-day and 10-day HSMs groups developed mild adverse symptoms, such as increased chewing, hypersalivation and tremors. The toxic signs in the mice of the 2-h, 5-day and 10-day HSMs groups were significantly attenuated. Furthermore, the 24-h survival of the animals in the 2-h, 5-day and 10-day HSMs groups was 100, 90 and 80%, respectively (P<0.05 or P<0.01).
The animals in the 15-day HSMs group developed severe signs of intoxication, with a 24-h survival of 30% (Table Ⅲ) .
Effects of HSMs on histopathological changes induced by MP poisoning.
The examination under a light microscope revealed a normal structure of the brain, heart and kidneys of the control animals. The brain, heart and kidneys of the mice in the MP and HSMs groups also revealed no histological changes (Figs. 1, 2 and 3, respectively) . However, the livers of the mice in the MP and HSMs groups displayed central vein congestion as a result of the exposure to MP. The lungs of the animals in the MP group exhibited a notable pulmonary edema that was characterized by edema and congestion of the alveolar septae. However, the histopathological changes of the lungs in the 2-h, 5-day and 10-day HSMs groups were significantly less prominent, whereas the histopathological changes of the lungs in the 15-day HSMs group were identical with those of the MP group (Fig. 4) . Furthermore, pretreatment with HSMs did not attenuate the MP-induced central vein congestion in the liver (Fig. 5) .
No. of euthanized animals -----------------------------------------------------------------------------------------------------------------------------------------
Discussion
In the present study, HSMs pretreatment was shown to increase the value of the LD 50 and the survival of animals poisoned by MP. The results demonstrated that pretreatment with HSMs, even 10-days prior to MP exposure, may effectively counteract the toxicity of OPs. MP poisoning leads to cholinergic overstimulation, with signs of toxicity such as sweating, dizziness, vomiting, diarrhea, convulsions, cardiac arrest, respiratory arrest and, in extreme cases, death. In toxicology, the median LD 50 is frequently used as a general indicator of the acute toxicity of a substance. The LD 50 of MP in the control group was 51.4 mg/kg. However, the LD 50 values of the 2-h, 5-day and 10-day HSMs groups were 70.0, 67.5 and 63.4 mg/kg, respectively, which were equivalent to 1.36, 1.31 and 1.23 times the dose in mice without administering HSMs. There was no significant difference in the LD 50 between the control group and the 15-day HSMs group. The acute toxicity of MP (1.2 x LD 50 ) was also effectively counteracted by pretreatment with HSMs. Approximately 60-80% of the mice in the MP groups developed life threatening symptoms and were euthanized. By contrast, the mice pretreated with HSMs 2 h, 5 days and 10 days prior to MP exposure survived (100, 90 and 80%, respectively), with mild signs of toxicity. These results demonstrated the high, long-term effectiveness of HSMs against the toxicity of 1.2 x LD 50 MP.
The organ injury caused by OP exposure in insects and humans is associated with the ability of the OPs to bind to AChE and prevent the hydrolysis of acetylcholine (10) . The present study demonstrated that the histopathological changes of the lungs in the 2-h, 5-day and 10-day HSMs groups were significantly less prominent compared to those in the control group. It was previously demonstrated that respiratory failure is a prominent characteristic of acute OP poisoning (11) and that the morbidity and mortality of acute OP poisoning is associated with respiratory failure (12) . Therefore, it is hypothesized that the effectiveness of HSMs is at least partly associated with ameliorating MP-induced pulmonary edema.
The development of an effective and safe approach against OP toxicity may help to reduce the mortality associated with OP poisoning worldwide. Our results indicated that pretreatment with HSMs effectively and safely counteracts OP poisoning and may therefore be of benefit to individuals who are prone to exposure to OPs or nerve agents. In conclusion, the present study demonstrated a novel approach to effectively protecting against OPs toxicity and nerve agent-induced organ injury or death.
